Planetary Defense 


Patrick H. Stakem 
2018 


Number 25 in Space Series 


Table of Contents 


TintrOCuc On isais caw ios oS er E aa ccnaiutcae eines 4 
MUL OT8 | eae eRe Pe Rc Re EON AS GRE EO REA RRA ERECT ACRES 5 
FA AIO US OM TGs aacs Des A cties sp acuec ease las late sain Raricia etn tata fs) 
What do we have to be afraid Of}... eee ececcseeeeeceseeeeeeeeeeeeeensees 6 
Near Bart Obj ectsscuilaxccstr asic ataneseata eanvie cata covaouiy se atiehess 6 
Potentially Hazardous Asteroids............c:ccscecsseeeseceeesteeeeeneeeeeeaes 8 
8] EV 8) 0 00h New eR OI SIE RTO APERIACRT SER GOPENH APARNA AMP AADC 8 
COSTING RAYS uterus scses vases sundaes ngactoosstethaahos sa teanss asesazntestoerttnicdnaaeades | 
Coronal Mass. EjECtons ss. vsiviccctiva ccnuntesetaweds ceva nana seb toned tev onkates 9 
SACS DDC DIS kins casts sivas ceatncecsite ruts eeestactia ns setae eae ce tata nueiaietneas 11 
ZOOM SS AUS Seales tana vote ises lee hotel sit Nenana ite Ne aki tiisitan 13 
Satellite On-Orbit COMSIOM .sssesscccese ces ccdcactancdivetieasadecctergiverenens 14 
BOOSESE CEDIIS vce cdereap teers tnieees beclaneitah iaarlaoaatea apiecchlen tanaka tees 15 
sci ofs (erated 12165061 {LOE | Geeimnreren Sete Re Mert te enn eaten) tre em Tene pee 15 
Chinese Space Station uncontrolled re-entry 0.0... cee eeeeeeeeeeteees 16 
he Ts DER Missi Gia sc ocr evens saxesawcaseien eauicnowdas against ncesecto aeons 16 
What we did with Apollo hardwate.........cceecccceseeeeeeeeeeetteeees 17 
IVETE OR AIE DURST. 2%, 2.0 secodes ots aeeautunsar cei gsceteuedeem ona ee cckenees 18 
INOfABle CV emits ceca cotati A atten hee halle hatce natal anaes Seat 20 
Phe Chicxtlih Cratetess veces ccs tasedcanvccniss a adesctincdyndueswnespicesaseenads 20 
The Tunguska event 1m Siberia...........csscsescsescessesesrcesscsssensesee 21 
The Carancas event iP eres pest sites cet cease nareieanucdines 21 
The Sutter's Mill meteorite ........c eee eecccsceceneceseeeeeeeteeenseeees 22 
POMIE OLIEE CVEMIS vans Ses ucehtcstinnione dumetanturssarnuaysboesttocsinexteyneoates 22 
What are we doing about planetary defense?........... cece eee 23 
NASA/SJPL's Sentry Program..........ccccescesessceceteceseeeneceesneeeeaes 25 
NASA's Planetary Defense Coordination Office... eee 26 
ASteroid impact avOidance...........cccecesccesecessceeseceseeeseeceseeeseeeeseneees 26 
Non=Near Partly 1S8ues sige. ciscient ab caiutigereel aun gees taetsamits eeetbaeastiwes 27 
NASA Orbital Debris Program Office... ceeeeceeeseeeeeteeeeeees 27 
RSS THA VS ID SDE ge cosecc cs Say tan cnesSaevatteev ecg aninen asco ahvenees aoa atid deePaanetedee abate 29 
WWE SEE scorn cece no tsl Aaath ccashldeustteh susan hears coauidemeace aateuunncacunedsctnsaddues 30 
NASA's Asteroid Redirect MiSSION............::cccsccssseseteeesseeetseeseeees 31 
INEA RESO GIAO ounce. xcsSecaicesuace ta naee sia rtesneees ood coneee pkgnsee pees 32 
Deep: mipact MissiOn.s oosicas6 ace euareauee ale oAS ee ae resin tee 32 


Testing Earth's Planetary Defense... ceceeeeseeeteeteeeteeeeeeeeneees 52 


The Martian Planetary Defense Force...........ceceeeeseeeteeseeeneeeeee 33 
RAW VCC S Soin are ty cules oo ceaeu vastus tude treoGradeaes aeeel iets 33 
DoD's Role,,NQRAD rxs.hcdecc sestioveseenties eed eve leneie Wei bestasntvewearses 33 
Other Spacefaring Nation's approaches and cooperation. ........... 34 
PHOPECE WO AMIS ist cts bac sedeauntaasediouahandacd tesesuegoutediclacnaagursdeadtav bern abeeeen 36 
AN TAS Ascott tie icr iad ea Bite de iia nde aca cate ical Sec nulinte Gieshiceni ata 36 
CrlOSSaly GP Tenis... J cccciccssu vos Aceves dries Src eum ctusatecen mien Munees a7 
BID GR RAP NY eas Geta saestinatteaghdeaneoarlaG Soap ro amaest ag ancora engemie: 42 
RESOURCES iacassssecteerne a teil date teehee ieee bine a 45 
If you enjoyed this book, you might also be interested in some of 
TIVES a ceeie estaievee taeda ideo patos erase dae eteie rene eae atin 47 


Cover photo: by the author, Barringer Crater, aka Meteor Crater, 
Arizona. 


Introduction 


This book covers the topic of Earth's Planetary Defense. This is not 
for the purposes of repelling an alien invasion, although the 
military has probably thought of that. Any civilization that could 
reach us is undeniably more technological advanced. 


We are focused, however, on big chunks of rock that could cause 
massive damage, and end civilization as we know it. It has 
happened -— ask the dinosaurs. Ocean impacts, and Earth is 
covered by 75% water, recall, could trigger massive Tsunamis. 


The U. S. National Science and Technology Council is on record as 
saying we are unprepared as a nation for a large asteroid impact 
event. The last impact of a object some 10 km in size, 66 million 
years ago, caused an “extinction event.” 


A four meter asteroid enters the Earth's atmosphere about once a 
year. For seven meters, its 5 years. That size produces a 
Hiroshima-sized explosion. For 20 meter asteroids, its twice per 
century. We just had one in 2013. We have had a success rate of 
four asteroids detected before they hit Earth's surface. It's the ones 
we don't detect that should trouble us. That, and the fact we don't 
have a clue on what to do about it, if its detected. 


About 100 tons of stuff enters the atmosphere every day as dust 
(and settles on my car...). On average, we get about 30 entries of 
smaller items, most of which burn before they hit the ground, 


The non-profit B612 Foundation said, in early 2018: “It's a 100 per 
cent certain we'll be hit by a devastating asteroid, but we're not 100 


per cent sure when." 


What do we have to defend against? A wide variety of Near-Earth 


Objects, a bunch of space debris in orbit that we are responsible 
for, radiation blasts and chunks of the Sun, lot of stuff out there 
that gets caught up in Earth's gravity, or that we cross paths with. 
We are better than we were at detection. It remains to be shown if 
we are any good at deflection. It's high stakes. 


Let's make up a simple example. On any give day, you might have 
a small rock hit the windshield of your car. This might happen 
several times a year. Most of them bounce off. Every once in a 
while, one will cause a pit or a crack. If you're driving behind a 
gravel truck, you could have multiple hits. If you drive under the 
wrong bridge at the wrong time, and a big rock lets loose... 


Author 


The author has a BSEE in Electrical Engineering from Carnegie- 
Mellon University, and Masters Degrees in Applied Physics and 
Computer Science from the Johns Hopkins University. During a 
career as a NASA support contractor from 1971 to 2013, he 
worked at all of the NASA Centers. He served as a mentor for the 
NASA/GSFC Summer Robotics Engineering Boot Camp at GSFC 
for 2 years. He teaches Embedded Systems for the Johns Hopkins 
University, Engineering for Professionals Program, and has done 
several summer Cubesat Programs at the undergraduate and 
graduate level. 


A note on Units 


I am fairly conversant in both English and Metric units (what is the 
metric equivalent of furlongs per fortnight?). Metric (SI) is 
mandated for NASA usage now, for interchangeability with our 
partner space faring nations. When a lot of the legacy flights 
discussed here were flown, English units were the norm. I have 
tried to keep the units comparable to the mission at the time. 
Conversions are easy enough, but units conversion is a source of 
error. It's not what you know about units and measurement, its how 
you think. And, I still think English units (even the English use 


Metric now), and convert in my head or on my phone. 


For scientific/engineering work, the Metric system is well thought 
out. For artisans, the English system served well, as most units 
were divisible by 2. Which is easy. Fold the cloth. Hopefully, when 
we are all taught Metric first, some one will still remember the 
conversions. You just need a good slide rule.... 


What do we have to be afraid of? 


We are not talking about defending our planet against alien 
invasion. There are worse problems. Solar storms threaten our 
space, air, and land assets. Large asteroids hit the surface and 
explode with the power of atomic weapons. One of these could be 
mistaken for a nuclear weapon, and cause a deadly exchange. We 
don't need aliens to obliterate us, we can do that ourselves. 


Near Earth Objects 


An NEO is a solar system object whose closest approach to the 
Sun is 1.3 AU, and that comes in close proximity to the Earth 
There are 15,000 known asteroids in this category, 100 comets, 
some solar orbiting spacecraft, and meteoroids. All these have the 
potential of striking the Earth. They are closely tracked from the 
ground, by NASA's Planetary Defense Coordination Office. A joint 
US/EU project called the Spaceguard Program is tracking NEO's 
larger than 30 meters. Three NEO's have been visited by 
spacecraft. NEA's are grouped into one of four categories, based 
on their perihelion, aphelion, and semi-major axis. 


There are four groups of NEO, named for the first member 
observed. Group Atira has members whose orbits are contained 
within the orbit of the Earth around the Sun. Group Aten are Earth- 
crossing, with a semi-major axis smaller than Earth's. Group Amor 
is between the Earth and Mars. Group Apollo asteroids have a 
semimajor axis larger than Earth's. 


If NEO's enter the atmosphere, they heat up and burn. Sometimes, 


enough is left to hit the ground, appearing as a rock. The easiest 
place to find meteors (as we call asteroids that hit the ground) is 
Antarctica, where they stand out against the snow and ice. A lot of 
the Antarctic meteors come from Mars, as one of my old professors 
proved. 


Most of the asteroids are found in the main asteroid belt, between 
Mars and Jupiter. A lot of them hang out with the big planets, 
Jupiter, Saturn, Uranus, and Neptune. If they orbit the Sun, they 
are asteroids; if they are captured by a planet's gravity, they are 
moons. 


In the main asteroid belt, about half the mass is contributed by 4 
asteroids, Ceres, Pallas, Vesta, and Hygiea The total mass of the 
belt is estimated to be about 4% of Earth's moon. An intruder in the 
asteroid belt is the dwarf planet Ceres, topping the scales at 950 
km diameter. There are hundreds of thousands or millions of 
objects in the belt, some being dust particles. Still the asteroid belt 
is mostly empty, routinely passed through by spacecraft on their 
way to the outer planets. 


In 1807, Juno and Vesta were discovered. By 1868, the number of 
asteroids discovered reached 100. The advent of the use of 
photography in astronomy opened the floodgates of new discovery. 
Asteroids are considered in three classes, silicate, metal-rich, and 
carbonaceous. 


Occasionally, our solar system get a visitor from afar, usually a 
comet, which makes a loop around the sun, and heads back out in 
space. Generally, our solar system bodies orbit the Sun in a disk 
called the ecliptic plane. Comets that are not necessarily in orbit 
around our Sun can take a path that are highly inclined to that 
plane. The first asteroid at a very high angle with respect to the 
ecliptic was recently observed. That means it did not originate in 
our solar system, but came from some where else in our galaxy, or 
beyond. There is no particular name for this class of objects, but 
the title “Exeroid” has been suggested. This will have to be cleared 
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with the International Astronomical Union. The object was 
observed by a telescope on the Hawaiian mountain of Hakeakala. 
It is the first time an interstellar object has been observed. It was 
named Oumuamua, in Hawaiian, “messenger from a far, arriving 
first.” It came from the direction of the constellation Lyra. 


The Minor Planet Center collects all the world wide observational 
data for minor planets (asteroids and comets) and maintains a 
database. It is located at the Smithsonian Astrophysical 
Observatory, at Harvard University. It maintains an NEO website 
and blog. At this writing it has a total of 524,000 minor planets, 
attributed to more than a thousand astronomers at more than 200 
institutions. 


Potentially Hazardous Asteroids 


A PHA is defined by its potential to come close enough to Earth to 
pose a threat. This is determined by an Earth minimum orbit 
insertion distance of 0.5 AU or less (around 7,500,000 km) and an 
absolute magnitude of 22 or less. What's the significance of the 
magnitude? We assume an albedo of 14%, which would give a 
diameter of 140 meters or so. Usually the asteroid can't be imaged 
or resolved in the telescope. 


For most of the known asteroids, not much is know about their 
composition or even their orbit. The mass is estimated from the 
diameter, but this depends o the composition. Density is obtained 
by “enlightened guesswork.” For irregular objects, not spherical, 
the surface gravity will vary by location. 


Asteroids were predicted by Kepler between Mars and Jupiter. He 
never observed one, but he based his prediction on the large gap 
between those planets. 


Solar Storms 


The Earth and other planets are constantly immersed in the solar 
wind, a flow of hot plasma emitted by the Sun in all directions, a 


result of the two-million-degree heat of the Sun's outermost layer, 
the Corona. The solar wind usually reaches Earth with a velocity 
around 400 km/s, with a density around 5 ions/cm’. During 
magnetic storms on the Sun, flows can be several times faster, and 
stronger. The Sun has an eleven year cycle of maxima. A solar flare 
is a large explosion in the Sun's atmosphere that can release as 
much as 6 x 10” joules of energy in one event, equal to about one 
sixth of the Sun’s total energy output every second. Solar flares are 
frequently coincident with sun spots. Solar flares, being releases of 
large amounts of energy, can trigger Coronal Mass Ejections, and 
accelerate lighter particles like protons to near the speed of light. 


We get all our energy from this huge thermo-nuclear reactor some 
8 light-minutes away. As you get closer to the Sun, its gets hotter, 
and there is more radiation in terms of energetic particles. 


The March 1989 severe geomagnetic storm blacked out Quebec for 
some 9 hours. It was caused by a solar coronal mass ejection, that 
hit the Earth 3 days later. The charged particles induced electric 
currents in the ground. On-orbit satellites were affected. Currents 
were induced in very long electrical transmission lines, such as 
those of Quebec's power grid. Radio communications were also 
adversely affected. 


Cosmic Rays 


Galactic Cosmic rays are actually heavy ions, not originating in 
our solar system. The actual origin is unknown. They carry 
massive amounts of energy, up into the billions (10°) of electron 
volts. 


Coronal Mass Ejections 


A large solar flare occurred in September of 1859, and was 
observed by British amateur astronomer R. C. Carrington in his 
private observatory on his estate outside of London. Both the 
associated sunspots and the flare were visible to the naked eye. The 
resulting geomagnetic storm was recorded by a magnetograph in 


Britain as well. They also recorded a perturbation in the Earth's 
ionosphere, that we now know is caused by ionizing x-rays. In 
1859, this was all observed, but not understood. Even the 
ionosphere was not known to exist at the time. Now, we know a 
Coronal Mass Ejection from the sun, associated with a solar storm, 
is first seen as an energy burst hitting the Earth, and later by vast 
streams of charged particles, that travel slower than the speed of 
light. At normal levels, these particles are seen as the Northern or 
Southern lights. The Earth's magnetic field is affected. 


What did happen, and was not immediately associated with the 
solar storm, was interference with the early telegraph systems of 
the time. The telegraph was relatively new, and wires stretched for 
many miles. Think of them as long antennas. The telegraph 
equipment was damaged, and large arc's of electricity started fires 
and shocked operators. No fatalities were reported. The employees 
of American Telegraph Company in New York found they could 
transmit messages with the batteries of their systems disconnected. 
The Northern lights were visible from Cuba. This was the largest 
such solar flare in at least 500 years...and so far. 


What if such a super flare occurred today? First, we would have 
warning from sentinel satellites such as the Solar Dynamics 
Observatory, that are closer to the sun, and detect the passage of 
particles. They can tell us about this via radio, which travels faster 
than the particles. So, we would have a day or so's notice. All of 
our modern high-technology infrastructure would be at risk of 
damage, from the electrical grid to the Internet. Most of our 
satellites would be damaged, removing services we rely on such as 
long distance data communication, and navigation. It would be 
much better to turn everything off, and ride out the storm. Even 
that might not prevent major damage to networks. When is the next 
large solar event? Even the Astrophysicists can't tell us that. Only 
that it will eventually occur. We need to know more about the Sun, 
which is the focus of the recently launched Parker Solar Probe. 
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Space Debris 


Sometimes we are out own worst enemies. Orbital debris can come 
from many sources. It can be naturally occurring rocks and 
captured meteoroids. It can come from satellites collisions and 
explosions. Liquid fuel, from a dead satellite or leakage, freezes in 
space and provides yet more debris problems. There have been 5 
known collisions of satellites in orbit so far. 


All of the junk, down to the size of bolts, is tracked by the U.S. Air 
Force. They know of 18,000 objects in orbit, of which 1,400 are 
operational satellites. A good job for a robotic servicer in LEO 
would be to collect the trash, put it in a canister, and kick it off to 
re-enter and burn in the atmosphere. There are estimated to be 170 
million chunks, smaller than a centimeter, any of which can ruin 
your mission. 


Just as I was writing this, a chunk of the defunct Iriditum-70 
satellite hit California. 


Known space debris includes Astronaut Ed White's outer glove, 
lost on his space walk; Michael Collins's camera from Gemini-10; 
a wrench, pair of pliers, and a tooth brush; and a complete tool bag 
from an STS-26 EVA. 


In addition to our own junk, space itself provides dust particles, up 
to and including asteroids capable of ending all life on Earth with a 
collision. 


In normal operations, the Earth's magnetic field deflects charged 
particles from the station. Energetic space particles may pass 
through the ISS with negligible effect. On rare occasion, the station 
needs to do a damage avoidance maneuver to avoid a collision. To 
date, no evacuation of the Station has been necessary. It does a 
debris avoidance maneuver if there is a greater than | in 10,000 
chance of a strike. This tends to happen about once per year. 


It the warning comes too late for maneuvers (usually a few days), 
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the crew shelters in the attached return capsule. 


For mitigation, the ISS uses Whipple shielding, named for its 
inventor. This uses a thin outer bumper, spaced away from the hull. 
The idea is, the bumper breaks up the debris so that penetration 
doesn't happen. It works most of the time. Think of it as the ISS's 
bullet proof vest. It works best with a foam material behind it. 


In 2009, damage was noted on a radiator assembly, that had to be 
taken off line. The radiators contain ammonia. Astronauts on EVA 
have reported sharp edges on handholds due to small impacts. 
Some of the windows show obvious effects of particle damage, 
just like the windshield on your new car when you drove behind 
the gravel truck. The solar arrays, big targets, have numerous 
punctures, but they are not showing degradation from this. So far, 
most damage is on the leading edge, along the velocity vector, but 
particles can come from any direction. A working return capsule 
for the astronauts is kept docked to the station at all times, as a 
lifeboat. The amount of time a capsule can be docked is limited, 
and a new upcoming crew brings a new capsule, and the 
downgoing crew uses the old one. 


There have been on-orbit tests of anti-satellite weapons, by the 
U.S., Russia, and China which resulted in a large amount of debris. 
In addition, failed on-orbit rendezvous usually involved a low 
speed collision, and more debris creation. There was the 1996 
collision between the French Cerise military reconnaissance 
satellite and debris from the Ariane rocket. There was the 2013 
collision between debris from the Chinese Fungyun FY-1C satellite 
and the Russian BLITS nano-satellite. We should also mention the 
2013 collision between two CubeSats, Ecuador's NEE-01 Pegaso 
and Argentina's CubeBug-1, and the particles of a debris cloud 
around a Russian Tsyklon-3 upper stage from the launch of 
Kosmos 1666. A 1985 U.S. Anti-satellite test created thousands 
pieces of debris greater than 1 cm. Most of this reentered the 
atmosphere within 10 years. 
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China is responsible for the largest single space debris incident 
resulting from a 2007 test of anti-satellite weapons. It transformed 
one satellite into nearly 2,500 pieces, golf-ball size or larger. The 
test was conducted in an orbital zone where most near-Earth 
missions are located. Some satellites have had to maneuver to 
avoid collisions. 


NASA says that at least one piece of space debris falls to Earth 
daily, and has for the past 50 years. There have been injuries, such 
as the Japanese fishermen hit in 1969. A lady in Oklahoma was hit 
by a piece of debris in 1997 but was not injured. This turned out to 
be a pieces of a Delta-II rocket propellant tank. 


An early attempt (1962) to characterize the space meteorite 
environment, prior to the manned Apollo missions, was the 
Pegasus project. This was a spacecraft launched to orbit by a 
Saturn-I rocket. It unfolded large wings that detected and reported 
strikes. There we three Pegasus flights. 


The Pegasus payload was a 3,200 pound satellite, with 95 foot 
wing panels that folded out from the body. The total area of the 
wings was 2,300 square feet. With the right sun angle, the Pegasus 
could be seen by the unaided eye, from the ground. There were 116 
hit detectors, shielded by panels of varying thicknesses. There were 
also vibration and acoustic sensors. 


The mass range of the micro-meteroids was 107 to 10% grams. 
Pegasus also monitored the on-orbit radiation environment. From 
the Pegasus data, it was decided that the flights to the moon and 
back represented a “reasonable risk.” 


Zombie Sats 


Zombie sats are non-functioning satellites in orbit. They may have 
experienced a failure, and are no longer functional. They remain in 
the same slowly-decaying orbit, however. The Intelsat Galaxy-15 
is an example. It was in geostationary orbit when the ground lost 
control, and it began to drift. There was a potential of collision 
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with other, operating satellites. Later, control was recovered, and it 
was directed back to its correct orbital position. 


The first U. S. satellite, Vanguard-1, and its upper stage are still in- 
orbit. It was launched in 1958. The Soviet-era RORSAT, with its 
BES-5 nuclear reactor, is still in orbit. In 2015, the USAF Defense 
Meteorological Satellite (Military equivalent of the GOES weather 
satellite) exploded in orbit, creating some 150 chunks of satellite in 
orbit. 


Of the 7,000 or so satellites placed into Earth orbit so far, 1,500 are 
still functioning. The rest are zombie-Sats. 


Satellite on-orbit collision 


A collision between two satellites occurred in February of 2009. 
One was a Russian Strela-class military satellite, massing 950 
kilograms. The other was the commercial  Iriditum-33 
communications satellite. What was the cause? They were in the 
same place at the same time. The Russian spacecraft had been 
deactivated, and was classified as space debris. The Iridium was 
operational, but was destroyed. This produced some 2,100 pieces 
of debris. There is a catastrophic satellite collision every 5-9 years. 


And, the bad news is, the collision created a thousand pieces of 
space debris larger than 4 inches, and many more smaller ones. In 
March 2012, a piece of the KOSMOS 2251 passed by the 
International Space Station, prompting the crew to take refuge in 
the attached Soyuz return craft as a precaution. The ISS frequently 
does obstacle avoidance maneuvers. 


It has been necessary to occasionally conduct Debris Avoidance 
Maneuvers, to avoid known space debris nearing the station. It has 


been hit many times, but the hull has not been breached. 


The SNAP-10 spacecraft was launched in 1965. It included a 
nuclear fission device for electrical power. It operated for 45 days 
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before an electrical failure. It was placed in a 1,300 km orbit, 
where it is expected to remain for around 4,000 years. It was 
noticed that in 1979, the spacecraft was shedding traceable debris. 
It is not known if radioactive material is included. 


There are actually more than 30 small nuclear reactors in orbit, 
mostly Soviet. 


The liability for space debris is defined by the United Nations 
Convention on International Liability for Damage Caused By 
Space Objects. The nation (or nations) that launched the object is 
"absolutely liable" for compensating the injured party(s), according 
to the convention agreed to by most space faring nations. 


Booster debris 


After the first stage of the launch vehicle has done its job, it 
usually crashes into a remote part of the ocean. The next stage may 
also. The final stage usually accompanies the payload into orbit. 
The Shuttles' boosters were dropped in the Atlantic, recovered, 
refurbished, and reused. The large liquid fuel tank was crashed into 
a remote part of the ocean. These are a particular problem, 
because they always have residual fuel, which decomposes. 


A Chinese Long March-4 upper stage exploded in orbit in 2000, 
creating a vast debris cloud. A Russian booster exploded in 2007, 
captured in images. The debris cloud was tracked on radar. More 
than 1,000 fragments were identified. 


In 2001, part of a U. S. upper stage of the NavStar-32 satellite 
crashed into the Saudi Arabian desert. 


Space Station Mir 


Quite a lot of lessons were learned from the impact of small debris 
on the Soviet Space Station Mir. The Environmental Effects 
payload was returned and studied, adding to knowledge applied to 
the ISS. It was in orbit for 3,644 days before reentering the 
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atmosphere. 


Chinese Space Station uncontrolled re-entry 


The out-of-control Chinese Tiangong-1 Space Station was going to 
hit the Earth. It is massive enough to cause extensive damage if it 
goes anywhere except the satellite graveyard in the South Pacific. 


The point in the Ocean farthest from land is called the pole of 
inaccessibility. This is the best point to aim for, if you're de- 
orbiting something large. It happens to be located in the South 
Pacific, some 1,600 miles south of the Pitcairn Islands. There are 
some 260 satellites on the ocean floor at that point. This will be an 
interesting place for future archaeologists. Among other things, the 
120-ton MIR space station is there. It's entry into the water was 
observed by fishermen. This is also where supply modules from 
the ISS, loaded with trash, are sent. Sometimes, things don't quite 
work out. 36 tons of a Russian Salyut Space Station came down on 
land in South America. 


Just one known person, Lottie Williams of Tulsa, Oklahoma, has 
ever been hit by space junk, according to news reports, but she 
wasn't hurt. On Jan. 22, 1997, Williams saw "a flash of light 
resembling a meteor." A few moments later, something metallic fell 
onto her shoulder. NASA said her incident came close to the timing 
of the re-entry and breakup of a second stage of a Delta rocket 
coming into Earth's atmosphere. 


The LDEF Mission 


The Long Duration Exposure Mission was placed in a 275 mile 
orbit by Space Shuttle Challenger in 1984. It spent 69 months in 
space, collecting information on long term exposure of materials to 
the space environment, and the meteoroid environment. It was to 
be periodically returned to Earth, refurbished, and re-orbited, but 
instead, the original mission was extended. It was recovered and 
returned to Earth by Shuttle Columbia. Although it was expected 
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that meteoroid impacts would be the major phenomena, over 30% 
of the observed impacts were from debris. This lead to the 
realization that the debris environment was larger than suspected. 
In some cases, the impacting body was still embedded in LDEF's 
structure. There was penetration of up to 40 mils of aluminum 
observed. In total, 34,000 impacts were cataloged, the largest being 
0.57 cm. 


Characterizing the “space dust” environment, it is estimated that 
over 14 million tons fall to the Earth's surface each year. The 
number of meteors entering the atmosphere is estimated to be 
between 10 and 20,000 tons. Most of these burn in the atmosphere, 
but when they do hit, they can be catastrophic. Generally, if the 
chunk is big enough to do damage, it can be tracked. Sometimes 
you miss them. Like in the Urals in Russia in February, 2013. This 
injured hundreds, but did not hit anything in the town. There could 
have been hundreds of deaths. 


Impact events are not limited to Earth, but those are the ones that 
concern us most. Look at the full moon sometime — those are all 
impact craters. Since our moon has no atmosphere, the asteroids 
don't burn up before impact. In 1992, an impact was directly 
observed on Jupiter, involving the comet Shoemaker-Levy-9. It 
had been captured by Jupiter, and was in orbit around that planet. 
Its demise was observed by the Galileo spacecraft, then heading to 
Jupiter. The impact was on the side of Jupiter opposite the Earth in 
1994. It was also observed by the Ulysses and Voyager-2 
spacecraft. The impact resulted in visible fireballs, and auroral 
emissions. There was a new dark spot observed on Jupiter, more 
than 7,000 miles across, leaving a visible scar. The energy release 
was estimated to be 6 million megatons (of TNT). This kicked off 
the expansion and increased funding of asteroid detection 
programs across the globe. 


What we did with Apollo hardware. 


The first and second stages of the Saturn-V vehicle were splashed 
into the ocean. 
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The third stages of the Saturn-V were deliberately put into a solar 
orbit, so as not to endanger current and future missions. 


The bottom part of the lunar lander stayed on the surface, and they 
are still there. Most of the crewed portion of the LEM's were 
deliberately crashed into the lunar surface, to provide data for the 
seismic instruments left on the surface. The Lunar Modules 
Antares, Falcon, and Challenger impacted the lunar surface. 


On the ill-fated Apollo-13 mission, the lunar module Aquarius, 
serving as the life boat on the return trip, was reentered into the 
atmosphere in a controlled manner, and burned during reentry. 


Meteor Airburst 


A meteor entering the Earth's atmosphere can cause an explosion. 
These may have started out as asteroids in space. The extreme 
example is the 1908 Tunguska Event in Siberia, an explosion equal 
to an atomic weapon. n the 500 kilotons area. 


Asteroids of up to 4 meters in size impact the Earth about once per 
year, releasing the equivalent of 3 kilotons of energy. Asteroids of 
up to 70 meters impact every 1900 years or so, with an energy of 
16 megatons (TNT equivalent). These can trigger extinction 
events. The one that caught the dinosaurs off guard was probably 
10 kilometers in diameter. In 1949, the same region was treated to 
a meteor shower, with no damage reported. 


An extinction event is defined as “a widespread and rapid decrease 
in the amount of life on Earth.” Given that over 98% of the species 
we know of are extinct, we need to be careful with the home 
planet. There have been several mass extinctions on Earth since 
life began, none because of us. So far. 


There was a documented case in 1490 in China, the Ch'ing-yang 
event, that resulted in 10,000 deaths. It was an extremely bright 
bolide, that usually explodes in the atmosphere. It can also result in 
a crater-forming event. 
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The Earth Impact Effects Program characterizes the average 
energy of airbursts, and the average frequency of the event. This 
ranges from a 4 meter, 0.7 kiloton airbusrt every every 1.4 years, to 
a 70 meter, 15 megaton event, every 1900 years. 


The Chelyabinsk Meteor airburst occurred shortly after dawn in 
February 15, 2013. That city in Russia is located near the border of 
Europe and Asia. The meteor came in at 34,000 miles per hour 
over the Ural Mountains, and exploded somewhere around 16 
miles from the surface. The height of the explosion limited 
damages to the town, which were extensive enough as it was. 


Chelyabinsk meteor event was widely photographed, and went 
viral on the internet. The superbolide was estimated to be 20 
meters in size. The air burst occurred around 30 kilometers 
altitude, causing a large shock wave, and scattering small 
fragments over a large area. 


In this event, some 1,500 people were injured enough to seek 
medical help. More than 7,000 buildings in the area were damaged, 
mostly by broken windows. The bolide was estimated to mass 
some 12,000 metric tons, and measure about 20 meters in diameter. 
It was a total surprise, and had not been observed or tracked before 
it exploded. The explosion was detected by monitoring stations of 
the Nuclear Test ban organization. The sound waves went around 
the planet several times. A weather satellite caught a picture of the 
meteor entering the atmosphere, and it was found later. 


The immediate effect was a flash as bright as the sun, and a shock 
wave that injured over a thousand, and blew out windows for 
miles. The visitor was estimated at some 50 feet in diameter, 
massing around 10,000 tons. The effective power of the explosion 
was 500 kilotons of TNT. 


We know more about meteor airbursts now, with increased 
monitoring under the Comprehensive Nuclear-Test-Ban treaty, 
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using improved detection technology. In 2017, there were 26 
events noted. 


Barringer, or Meteor Crater, is located northeast of Flagstaff, 
Arizona, a short drive. I've been there, and it is impressive. Puts 
the fear of meteorites into you. It was originally thought to be the 
result of a volcanic eruption, but was recognized in 1905 as an 
impact crater, and named after the guy who figured it out, Daniel 
Barriger. The site is now privately owned, and has a visitor's 
center. 


The crater is some 1,200 feet in diameter, with a rim rising 150 feet 
above the rather flat landscape. The center has some 700 feet of 
rubble. The impact is thought to have been some 50,000 years ago. 
At that time, the location was grasslands. It must have really 
shocked the locals, the woolly mammoths. It was probably known 
to the local native Americans. 


Finding meteorites on Earth allow researches to understand their 
composition, and perhaps determine their origin. Since the Earth is 
¥% covered by water, we are only seeing about 4 of those that reach 
zero altitude. There is currently an ongoing student project in Lake 
Michigan to recover meteorites from underwater. 


Notable events 


This section discusses some of the dangerous events from space 
that have happened in the past. The most notable is the extinction 
event in the time of the dinosaurs. 


The Chicxulub crater 


There is an impact crater on the Yucatan Peninsula, caused by a 
body some 10-15 km in diameter. It is thought to have caused 
global climate disruption, leading to the extinction of some 75 
percent of the plant and animal life on Earth. The crater itself is 
more than 100 miles in diameter. Some of the crater is located on 
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land, with the rest on the ocean floor. Samples from the impact are 
dated as 66 million years old. Estimated energy release from the 
impact was the equivalent of 10° atom bombs. The dust caused by 
the impact covered the entire surface of the Earth. The atmosphere 
had increased carbon dioxide for decades, resulting in a mini- 
greenhouse effect. 


The Tunguska event in Siberia 


If the Earth is going to get smacked by a large meteor, Siberia is a 
good location. It is sparsely populated and isolated. This event 
happened in 1908. Two square kilometers of forest was flattened, 
knocking over an estimated 80 million trees.. It was the largest 
impact in recorded history. It is not known if our visitor was a 
meteor or a comet. No impact crater has been found. Based on the 
damage, the strike was the equivalent of somewhere in the range of 
10 to 30 megatons of TNT. There were eye witnesses, but no 
human fatalities are known. Seismometers as far away as the U.S. 
registered the impact. 


It took ten years to get a proper expedition to the remote site. Over 
the next ten years, three more expeditions were mounted. 
Eventually, an aerial photographic survey was conducted. Analysis 
and discovery continues to this writing, including 3-D computer 
modeling, and ground penetrating radar. 


This is THE event that got people thinking about avoidance of 
impacts from space, well before the space age. 


The Carancas event in Peru 


Peru got smacked with a meteorite in September of 2007, near the 
village of Carancas in the southern part of the country, at an 
altitude above 12,000 feet. It created a crater which spewed 
noxious gases. Anyone who approached the crater got sick from 
these emissions. This included some 600 local villagers. This was 
later suspected to be caused by arsenic poisoning. The local ground 
water is known to contain arsenic, and a lot of the ground water is 
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the crater was vaporized into the atmosphere. 


The crater was some 15 feet deep, 43 feet in diameter. The impact 
shock shattered windows in the village. There were no causalities 
or injuries from the impact. Initial assumptions was that the 
country was under attack from its neighbor, Chile. 


This event could have been much more tragic if the meteor had 
impacted in the village. There are eleven known impact craters in 
South America. 


The Sutter's Mill meteorite 


This event occurred in 2012, in the area of the California gold 
fields. Some of the oldest material in the solar system was 
discovered in the debris. There were small diamond grains. 


A large bolide entered the atmosphere, and resulted in an air burst. 
The resulting meteorite debris were tracked by weather radar. In 
addition, the event was recorded by two infrasound monitoring 
stations of the Comprehensive Nuclear-Test-Ban Treaty 
Organization’s International Monitoring System. 


The meteorite was estimated to have been 2-4 meters in diameter 
at entry, and resulting in a 4-kiloton explosion at around 48 
kilometers altitude. 


Most debris recovered was on the order of grams. A rainstorm 
washed away a lot of the material before it could be collected. 


Some other events 


In 1969, a large meteorite near Murchison, Australia. It was rich in 
organic compounds. The collected material from the meteor 
massed 100 kg. Fifteen amino acids were found in the collected 
debris. 


The Eltanin asteroid hit the Pacific Ocean about 2.5 million years 
ago. It is estimated to be in the range of 1-4 km. There remains 
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evidence of a huge Tsunami. It was calculated that a wall of water 
200 meters high struck present-day Chile. It is possible that such 
an event lead to the Biblical story of the Deluge, which occurs in 
various books of the world's religions. This event described is 
probably not a myth. 


There are 130 potential impact craters that have been found around 
the globe. 


What are we doing about planetary defense? 
U.S. National Space Policy directs the NASA Administrator to: 


“pursue capabilities, in cooperation with other departments, 
agencies, and commercial partners to detect, track, catalog, and 
characterize near-Earth objects to reduce the risk of harm to 
humans from an unexpected impact on our planet.” 


Planetary defense is being addressed at the highest levels of the 
U.S. Government. The National Science and Technology Council 
is part of the Executive branch. Under this is the Office of Science 
and Technology Policy, charged with providing advice to the 
Executive Office. There has been established A Damien Inter- 
Agency Working Group, where Damien is an acronym of 
“Detecting and Mitigating the Impact of Earth-Bound Near-Earth 
Objects.” In government, it is important to have an awesome 
acronym. 


The National Near-Earth Object Preparedness Strategy and Action 
Plan is a document that address the topic of Planetary Defense over 
a ten year span. It is used to co-ordinate efforts among government 
agencies. The plan has five major goals. The first is to focus on 
NEO detection, tracking, and characterization. The second goal is 
to improve models and prediction, and to address Information 
integration for decision making. The third goal is to develop 
technologies for NEO deflection and disruption. NASA is the lead 
for this effort. The fourth goal is to increase International 
Cooperation on NEO Preparedness. This will involve International 
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support and education. The fifth goal is to “strengthen and 
routinely exercise NEO Impact Emergency Procedures and Action 
Protocols.” 


Impact prediction is a critical process to develop, because we any 
not be able to prevent the strike, but we might still get the target 
area evacuated. The first successful prediction was made in 2008, 
for an asteroid that hit Sudan, by Pan-STARRS, a pair of 1.8 meter 
telescopes in Hawaii. 


The first step in the process is to collect sky survey data from 
multiple sources and points-of-view. Two major observatories are 
located in Hawaii, with two more in the southwestern United 
States. All the data needs to go into a database, so it can be 
correlated with other observations of the same target, and the data 
needs to be available on the web for analysis at different centers. 
It's not quite there yet. Over the last decade, there have been 3 
predicted impacts, as opposed to over 500 unpredicted. 


Both ground-based and space based assets are used. Ground based 
telescopes do better at night, and are useless for asteroids coming 
from the sun's direction. 


NASA has a Planetary Defense Officer, working with the Damien 
Group. Other members are from NIST, NSF, State Department, 
Homeland Security, USAF, the Lawrence Livermore National 
Laboratory, and others. Un-predicted asteroid strikes are noted by 
the in-place infra-sound array, intended to detect nuclear 
detonations. Space based assets can observed in all frequency 
bands, including those that are blocked by the atmosphere. So far, 
the United States has been responsible for around 95% of all near 
Earth objects found. Listen up — these can hit anywhere on the 
globe. 


NASA's latest asteroid alert system provides us up to a 5 day 


warning. It uses a ground-based facility, a telescope in Hawaii. If it 
detects something that could be a problem, it notifies other 
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observatories. From multiple observations from different locations, 
an orbit can be calculated. About 5 new asteroids are found, every 
night. 


The Kitt Peak observatory in Arizona hosts Spacewatch, a survey 
of minor planets This approach was tested with asteroid 2016 
UR36. It was judged not a credible threat, due to the fact that it 
would pass Earth beyond the moon's orbit. 


The Large Synoptic Survey Telescope is under construction as of 
this writing, and will have an 8.4 meter primary mirror, and a 32 
gigapixel camera. It will continually photograph the entire night 
sky. It will be located in Northern Chile at 2,680 meters. It will join 
the existing Gemini South and Southern Astrophysical Research 
Telescopes. It was started with private funds, but was taken over 
by the National Science Foundation. The plan is to make all data 
available to any one who wishes it, shortly after it is compiled. 


The data is expected to include over 200,000 pictures a year, and 
reach 1.28 petabytes in size. This will require automated 
processing by large, probably GPU-based arrays. 


NASA/JPL's Sentry Program 


The Sentry Program produces and analyzes the Sentry Risk Table 
for the potential NEA's The system is highly automated, and 
analyzes the asteroid catalog for potential problems. The catalog is 
continuously updated from Earth- and space-based observatories. 
Membership in the database is based on calculated probabilities of 
coming close to Earth. With better observations, some objects are 
removed from the database. There are “lost” objects on the 
database that have not been seen recently. There are two risk scores 
calculated, a general one (Torino Scale) and a more technical one 
(Palermo Scale). 


The Cambridge, MA-based Minor Planet Center receives 
observation data from numerous sources around the globe. It 
calculates the orbital elements and risk scores, and updates the 
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database accordingly. It has been operating since 1947 


Orbital parameters are updated as more observations are acquired, 
and the Center does an orbital propagation 100 years into the 
future. If the object is going to get close enough to Earth to cause 
concern, it is added to the Earth Close Approach Table. 


Sometimes, a minor planet falls out of view for a while, and is 
considered lost. This is when it is not seen where it was expected 
to be. Some of these are rediscovered later. 


NASA's Planetary Defense Coordination Office 


This organization is under NASA's Planetary Science Division. It 
is tasked with tracking and cataloging NEO's larger than 30 meters. 


Asteroid impact avoidance 


Well, we can't quite nudge the Earth to avoid a significant asteroid, 
but we might be able to nudge the asteroid. If its detected soon 
enough, we will have the time to implement a solution. It doesn't 
need to be moved much. For example, we might spray paint the 
surface, so it reflects more sunlight. This would actually slow it 
down, and change its trajectory. We might also nudge it with an ion 
propulsion engine, or attach a giant solar sail to slow it down. All 
of this has to be thought out and modeled very carefully so we 
solve the problem, not make it worse. What we don't want to do is 
detonate a nuclear weapon on it. We would get rid of the big chunk 
to have a million medium-sized chunks on the same trajectory. If 
we really have enough time, we can set up a spacecraft to just fly 
along side of the threat, and change its trajectory due to mutual 
gravity. We could paint it white or silver. Stay with me here. That 
would increase the reflectivity of the surface, making it more 
susceptible to radiation pressure from the sun. It has also been 
proposed to attach a large ballast mass, maybe another asteroid, 
with a tether. This changes the original asteroid's center of mass 
and hopefully its trajectory. Other options might include attaching 
a ion thruster using asteroid dust as the fuel. Just don't think about 
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the nuclear option. 


Non-Near Earth Issues 


You know how much more complicated an accident is when you're 
away from home? Well, NASA's OSIRIS-REx mission is heading 
to an asteroid called Bennu, which is classified as a PHO. At a 
distance of 1 million kilometers, OSIRIS began keeping an eye out 
for debris in its path. These would include dust plumes and moon 
around asteroids. As of this writing, no dust plumes have been 
spotted. 


Later, the spacecraft will begin looking for mini-moons around 
Bennu, down around 10 centimeters. If it spots a moon, it will stop 
25 or so miles away, and get more data on the moon's orbit. 


If all goes well, it will continue its scan as it approaches the 
asteroid in 2019. If it sees dust plumes or mini-moons, so much the 
better, since little is know about these as well. Otherwise, Osiris 
will continue to execute its primary sample return mission. 


The author worked on this project briefly. 


NASA Orbital Debris Program Office 


The NASA Orbital Debris Program Office is hosted at the Johnson 
Space Center, in Houston, Texas. Under their guidance, orbital 
debris models are developed and tested. Some models are used to 
predict future orbital debris environments. Orbital debris is tracked 
optically and via ground based radar. Examining spacecraft parts 
that have been returned from orbit by Shuttle-based servicing 
missions is very useful. The Shuttles themselves provided good 
examples of debris hits. Models are validated by JSC's 
Hypervelocity Impact Technology Facility. 


The Inter-agency Space Debris Coordination Committee consists 
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of members of 10 space-faring countries, and ESA, and addresses 
the growing problem. 


The U. S.'s Orbital Debris Mitigation Standard Practices addresses 
the debris problem. It defines mitigation standard practices for 
satellites and upper stages to control release of particles greater 
than 5 mm, that will remain on-orbit for 25 years or more. A part of 
this is to assess the mission in terms of limiting the probability for 
explosion. This applies to all onboard sources of stored energy. 
Spacecraft are required to be designed such that collisions with 
debris smaller than 1 cm will not cause loss of control. Lethal, non- 
trackable debris is defined as that less than 10 cm. The USAF's 
Space Surveillance Network can track items as small as 10 cm in 
LEO, or 1 meter in GEO. 


End of life disposal is also addressed in three areas, atmospheric 
reentry, storage orbit, and retrieval. The reentry option assumes 
that the atmospheric drag will cause reentry within 25 years. This 
may involve the deployment of drag enhancement devices. Since 
even Cubesats are subject to this restriction, specific drag- 
enhancements for them have been developed. Reentry presents 
another problem, that of danger to humans and structures on the 
ground. The satellite must be re-entered in such a way that it enters 
the ocean in a remote location, with a | in 10,000 chance of human 
casualty. So far, so good. 


A second option is maneuvering to a storage, or “graveyard” orbit. 
This doesn't solve the problem, it just postpones it. In the future, 
we can foresee an industry of spacecraft recycling in orbit. 


Some of the Saturn upper stages on the lunar missions were 
deliberately placed into an orbit that would send them into the Sun. 
Between LEO and medium orbits, the spacecraft is supposed to be 
placed with a perigee above 2,000 km, and an apogee below 
19,700 km (below synchronous orbit). For medium altitude orbits, 
up to GEO, the storage orbit is a perigee above 20,700 km, and a 
apogee above 35,300 km. This will be below synchronous 
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altitudes. For geosynchronous altitude, the graveyard orbit is 300 
km above the geosynchronous altitude. If the spacecraft is in a 
heliocentric orbit (around the Sun), it can also be maneuvered to 
collide with the Sun for disposal. 


The third option is retrieval, which is difficult now with the 
retirement of the Space Shuttle. That also makes the option of on- 
orbit repair moot at the moment, but NASA is actively exploring 
in-orbit robotic repair at the Satellite Servicing Capabilities Office, 
at GSFC. Active removal involves more than technical issues. 
There are legal and ownership issues. On the high seas, it is the 
law that if you retrieve an un-crewed ship, it is yours. That's not 
true in space. 


RemoveDebris 


The RemoveDebris Project is addressing some possible solutions 
at the Surrey Space Centre in the U.K. The hardware went to the 
ISS, and was deployed by the crew. It comes with its own debris — 
several smallsats. These will be released, and RemoveDebris will 
attempt to net them. It's main approach is a harpoon. The third part 
of the technology demonstration is that it will be sent into the 
atmosphere to burn up, using a 10 square meter drag chute. As 
opposed to most missions, reentry and burning are the goals. The 
first test of this system seemed to have worked. 


The Remove Debris mission was deployed from the ISS in mid- 
September, 2018, and worked as expected. The net deployed 
properly. The Cubesat target expanded a balloon to increase its 
effective size and thus drag. It is expected to reenter within a 
month. The next step is for the clean-up spacecraft to test out its 
harpoon with a flat target it will deploy, then deploy a sail, which 
will expedite reentry. 


Airbus Industries is trying a variation of this approach for the 


elimination of the Envisat Earth Observation Platform, a defunct 
ESA Mission launched in 2002. It is somewhat embarrassing to 
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have the world's largest environmental satellite cluttering up orbit. 
It masses some 8 metric tons. A harpoon perpetrator is fired with 
compressed gas, and easily penetrates the 3 cm composite 
honeycomb body panels. Then a set of spring loaded barbs extend, 
making the harpoon impossible to pull out. This harpoon is larger 
than the one on the RemoveDebris Project. 


After the harpooned spacecraft is captured, the capturing satellite 
does a controlled reentry, and both spacecraft burn in the 
atmosphere. 


WISE 


The Wide-Field Infrared Survey Explorer launched in 2009. It 
operated until 2011, when it was put into hibernation mode, but 
was reactivated in 2013. It's accomplishments include the 
discovery of thousands of minor planets, and many star clusters. It 
was the first to see Earth's Trojan, named 210 TK7. 


It provided observations of over 33,000 new asteroids, and 154,000 
other solar system objects, 290 near-Earth asteroids and comets. 


The mission was extended by one month in 2010 for the NeoWise 
searching for near Earth Objects. At this point the onboard 
cyrogen, used to cool two of the four detectors, had been depleted. 
It was successful, and the mission got extended by another 3 
months. The spacecraft had characterized more than 150,000 
minor planets, and discovered 35,000. 


WISE completed a full scan of the asteroid belt, and was then put 
in hibernation, but was awakened now and then to check status. In 
August of 2013, it was recommissioned to search for near-Earth 
objects. It was also tasked to find asteroids that could be nudged 
into lunar orbit. This mission continued for 3 years, possibly 
affected by the Chelyabinsk meteor explosion, that had gone 
undetected until the explosion. The main telescope was cooled by 
having it stare into deep space for a while, before getting back to 
work again. 
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It was expected to discover 150 new NEO's and to do additional 
characteristics of some 2,000 known asteroids. It's record by May 
of 2018 was the discovery of 290 new NEO's, 


NASA's Asteroid Redirect Mission 


This project was proposed by NASA in 2013, with several modes. 
In one option, a robotic spacecraft would rendezvous and grapple 
an asteroid of around 4 meters. The target would be analyzed, then 
transported to a lunar orbit. An associated future mission would 
involve an Orion crewed vehicle visit. The program was not 
funded past the study phase. In one sense, this is like not buying a 
fire extinguisher, because you've never needed one. 


The concept of a gravity tractor was proposed to nudge potentially 
hazardous asteroids off their course. No direct contact is required. 
The gravitational force between the asteroid and _ the 
tractor/spacecraft would be enough to modify the asteroid's orbit to 
a safer one, over a period of time. This takes a lot of patience, and 
assumes early detection. This approach is independent of the 
objects rotation. By tracking the tractor, we would know where the 
asteroid is at all times. 


The change in velocity required to adjust the asteroid's trajectory 
can be rather small. For an example of a 100 meter object, only 1 
centimeter/second velocity change would be sufficient. This would 
have to be applied over a period of 10 years, though. Again, early 
detection would be required. 


There is a need for mature technology for rapid-response NEO 
reconnaissance, and deflection/destruction missions. 


The latter could use nuclear devices (not a great idea), kinetic 


impactors, or gravity tractors. If we manage to deflect an asteroid, 
and it still impacts the Earth, are there international legal 
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implications? 


Technologies developed in this area will be applicable to asteroid 
mining, and the expanding use of space resources. 


NEAR-Shoemaker 


This mission was developed by the Applied Physics Laboratory of 
the Johns Hopkins University, and launched in 1996. It's mission 
was to get up close and personal with the NEO Eros for a year. It 
orbited the the asteroid, and made a successful touchdown on its 
surface in 1991. Eros was the second largest NEO known. NEAR 
provided data on chemical composition, and did a search for 
moons of Eros, but none were found. 


EROS was the first spacecraft to soft land on an asteroid. It was 
shut down in 2001, after returning much valuable data. 


Deep Impact Mission 


Deep Impact was launched in 2005, heading to comet Tempel-1, to 
launch a penetrator to be able to study the composition. This was 
successful in creating an impact crater, and a large dust cloud. In 
extended mission, Deep Impact visited and imaged comet Hartley 
2. It went on further missions to comets and asteroids, but 
communication with the spacecraft was lost in 2013. 


Testing Earth's Planetary Defense 


In October of 2017, NASA had an opportunity to test the 
international asteroid warning network. Asteroid 2012 TC4 went 
across Antarctica at around 26,000 feet altitude. The size of the 
asteroid was estimated to be around 30 meters. The event was 
broadcast across the globe, and numerous telescopes looked where 
the coordinates told them, and sent their data findings. 


It was estimated that we are at least 10 years away from having a 
viable response to a hazard that a rock such as this could pose. At 
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the moment, we can only document it, and wish real hard. 


The Martian Planetary Defense Force 


For a while in the late 1990's, it was postulated that the Martian 
Planetary Defense Force were very effective, as a large number of 
Mars-bound payloads failed. Actually, they weren't that good, but 
we Earthies were making mistakes big time. 


The Mars Climate Orbiter crashed into the planet in 1999, instead 
of achieving orbit. Embarrassingly, the fault was one of units — a 
mix up in metric and English units in a propulsion parameter. 


The Mars Rover Pathfinder, safely on the surface, suffered a series 
of resets, which turned out to be a software problem, and was 
fixed. This was a triumph of remote diagnostics and debugging. 


The 2010 Russian Phobos Grunt mission never made it out of 
Earth orbit, and reentered and burned. 


Launch Vehicles 


You will note that the United States launches out over the Atlantic 
Ocean from Cape Kennedy, or over the Pacific from Vandenburg 
Air Force Base. Before a launch, mariners and air craft are warned 
of hazardous areas. It is common to drop the first stage booster in 
the ocean. Booster recovery and reuse is now routinely used by 
Space-X. 


Sometimes, Nature itself causes a problem. In 1987, lightning 
struck a Atlas Centaur AC-67 rocket less than a minute after liftoff, 
causing it to explode. 


DoD's Role, NORAD 


Orbital Debris is tracked by radar. NORAD, the North American 
Aerospace Command, based in Colorado, tracks all detectable 
orbital entities, from large satellites to space junk, zombie-sats, and 
the larger pieces of debris, as well as near-Earth asteroids. The U. 
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S. Space Surveillance Network can see objects 10 cm. or larger. U. 
S. Space Command deployed a new large telescope to improve 
their view of debris in 2011. This Space Surveillance Telescope is 
able to see debris at Geosynchronous altitudes. It has a 3.5 meter 
mirror, and has been in use since 2011 in Australia. 


NORAD puts all this up on a website, in a standard format called 
the “two-line element” (TLE). This contains the Keplerian orbital 
elements, the set of data describing the orbit of anything around the 
Earth, for a given point in time (epoch). It is a legacy format form 
the 1960's, that still works. It includes two data items of 80 ASCII 
charters each (an IBM punch card format). 


The MSX spacecraft, midcourse space experiment, was launched 
in 1996, with the primary mission of identifying and tracking 
ballistic missiles. It was built by the Johns Hopkins University 
Applied Physics Lab. After its cyrogenic coolant is depleted, it will 
focus on objects in space, including keeping track f NEO's. 


Other Spacefaring Nation's approaches and 
cooperation. 


The International Asteroid Warning Network is a group of 
volunteer astronomers that observe and report on observations 
across the planet. We're all on this planet together. 


Canada launched the NEOSSat, which is actually a microsat, It is 
described as suitcase-sized, but mounts a 15 centimeter telescope, 
and has 3-axis stabilization. It masses 74 kilograms. It is a joint 
project between the Canadian Space Agency, and the Defense 
Research and Development Canada, a lot like DARPA in the U. S. 


It is a follow-on the Canada's MOST, a space telescope for 
astronomical observations. 


NEOSSat takes exposures on the order of 100 seconds, and can 
detect sources down the magnitude 20. The mission was launched 
in 2013. 
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The spacecraft carries out surveillance of nearby space, with a 
mission of finding and tracking near Earth asteroids, those within 
Earth's orbit around the Sun. It also tracks some spacecraft in 
Earth's orbit as known objects, for calibration. 


Darpa's Space Surveillance Telescope is located in Exmouth, 
Australia. It is a key part of the Australia-U.S. Space Situational 
Awareness Initiative. It has a view of the sky of the Southern 
Hemisphere. 


The U. K. hosts the SpaceGuard Center. This term was used in 
Arthur C. Clarke's book series, Rendezvous with Rama, concerning 
visits from a large automated spacecraft from outside our solar 
system. Dr. Clarke is considered the father of the Communications 
satellite. 


The Spaceguard Foundation is an international association, 
founded right after a key conference in 1995. Several major 
objects, including the Chelyabinsk meteor which hit Russia, were 
not detected. 


Japan has a (non-profit) private Spaceguard association, with an 
observatory at Bisei-cho, in the western part of the country. It 
keeps an eye out for orbital debris and NEO's. Significantly, it has 
an outreach program for students to learn astronomy, and the perils 
of space junk. 


There was a Japanese mission to the asteroid Ryugu, discovered in 
1999. The Hayabusa2 mission was launched late in 2014, and 
arrived at the minor body in 2018. It is tasked to collect samples, 
and return them to Earth by 2020. 


The spacecraft includes 4 surface rovers. Just recently, the first two 
were deployed to the surface, followed by the joint French-German 
Mobile Asteroid Surface Scout. Battery life limited the mission to 
16 hours of operation 


Near Earth object deflection and disaster response is considered by 
the United Nations as part of its committee on Peaceful Uses of 
Outer Space. The U.N was assisted in addressing these issues by 
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the B162 Foundation, and the Association of Space Explorers. One 
result of this is the International Asteroid Warning Network. Rogue 
asteroids are not impressed by national boundaries, and an impact 
event could effect multiple countries. 


ESA has the NEOshield project, which is looking at technology 
and operational techniques to operate a spacecraft in close 
proximity to NEO's. Another goal is to refine NEO 
characterization. NEODyS is their online database of known 
NEOs. 


Project Icarus 


Icarus was a project in 1967 by MIT system engineering grad 
students to define a defense against asteroid 1566 Icarus, as a class 
project. Their proposed solution was a nuclear weapon. 


Wrap-up 


We know for a fact that a large asteroid is going to hit the Earth 
and do damage. It has happened before. What we don't know is 
when and where. We also have a few ideas on how to prevent that, 
but little has really been tested. 


In the mean time, we observe the sky for potential problems, and 
try to categorize what we observe. It may take another near- 
extinction event to convince the non-scientists that its a good idea 
to spend some real money on this. 
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Glossary of Terms 


AIAA —- American Institute of Aeronautics and Astronautics. 

ALA ~ asteroid laser ablation. 

Albedo — reflectivity. 

AoA — analysis of alternatives. 

aphelion — point in orbit farthest from Sun. 

APL — Applied Physics Laboratory of the Johns Hopkins 
University. 

Apogee — point in orbit farthest from the Earth 

ARCM - Asteroid Retrieval Crewed Mission. 

ARM - asteroid redirect mission. 

ARRM -— Asteroid Redirect Crewed Mission. 

ARU - Asteroid retrieval and unilization mission (NASA) 

ASAT - anti-satellite (weapon). 

ASCII — American Standard Code for Information Interchange. 

ASE - Association of Space Explorers. 

Astrobleme — remains of an impact crater. 

Asteroid - minor planet, in solar orbit. 

Aten asteroid — Earth crossing bodies, 1,300 potentially hazardous 
objects. 

Atira — class of asteroids within Earth's orbit. 

ATLAS - Asteroid Terrestrial-impact Last Alert System. 

B612 Foundation — Formed to protect Earth from asteroid impacts. 

BMD - Ballistic Missile Defense. 

Bolide — Greek for missile. Very large impactor. Leaves a crater. 

Cislunar — between the Earth and the moon. 

CME — Coronal Mass Ejection. 

CNSA — China National Space Administration. 

CNEOS - Center for Near Earth Object Studies. 

Copous — (U. N.) Committee on the Peaceful Uses of Outer Space. 

CSA — Canadian Space Agency. 

CTBTO - Comprehensive Test Ban Treaty Organization. 

DAMien — Detecting and mitigating the Impact of Earth-bound 
Near Earth Objects. 

DARPA - (U. S.) Defense Advanced Research Projects Agency. 
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DHS — (U.S.) Department of Homeland Security. 

DLR — German Space Agency (Deutsches Zentrum fiir Luft- und 
Raumfahrt). 

DoD — (U.S.) Department of Defense. 

DOE - (U.S.) Department of Energy. 

DRDC -— Defense Research and Development Canada. 

DRO -— distance retrograde orbit. 

EADP — (Danish) Emergency Asteroid Defense Project. 

ECAT - Earth Close Approach Table. 

EDEIS - Expert Database on Earth Impact Structures. 

EID - Earth Impact Database. 

EIEP — Earth Impact Effects Program. 

ESA — European Space Agency. 

EVA — extra-vehicular activity. outside the spacecraft. 

Exeroid — object from outside of our solar system. 

FEMA - (U. S.) Federal Emergency Management Agency, 

GEO — geosynchronous earth orbit. 

GPU — graphics processing unit. 

Graveyard orbit — a place to put end-of-life satellites. 

GSFC — Goddard Space Flight Center, Greenbelt, Maryland. 
NASA Center for unmanned spacecraft near Earth. 

HAIV - Hypervelocity Asteroid Intercept Vehicle. (concept) 

Hammer - Hypervelocity Asteroid Mitigation Mission for 
Emergency Response. 

HEOSS - High Earth Orbit Space Surveillance. 

IADC — Interagency Space Debris Coordination Committee. 

IAU — International Astronomical Union. 

IAWN - International Asteroid Warning Network. 

IBM - International Business Machines, computer manufacturer. 

IFSG - Impact Field Studies Group. 

IIAWN - International Asteroid Warning Network. 

ISS — International Space Station. 

IWG — Interagency Working Group 

JAXA - Japan Aerospace Exploration Agency. 

JHU — Johns Hopkins University. 

JSC — NASA Johnson Space Center, Texas. 

JSOC — U.S. Joint Space Operations Center 
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JPL — Jet Propulsion Lab. 

KT — kilo ton. 

LEM -— lunar excursion module (crewed). 

LEO — Low Earth orbit. 

LLNL - Lawrence Livermore National Laboratory. 

LSST - Large Synoptic Survey Telescope. 

MBPL — Minor Body Priority List. 

Magnitude - in astronomy, a log scale of brightness. 

MASCOT - Mobile Asteroid Surface Scout. 

Meteor - glowing meteoroid, or comet, or asteroid passing 
through the atmosphere. 

Meteor Crater — Arizona. Also known as Barringer Crater. 
Meteoroid — rocky or metallic body in space, smaller than 1 meter. 
Meteorite — solid debris, enters atmosphere and reaches the 
surface. 

MMOD - micrometeoroid and orbital debris. 

MOID - Minimum Orbit Intersection Distance. 

MOST - Microvariability and Oscillations of Stars telescope 
(Canada). 

MPC — Minor Planet Center, Cambridge, Ma. 

MPC's — minor planet circulars, from MPC. 

MPO -— Minor planets and comets orbit supplement, from MPC. 
MPS — Minor Planet Supplement, from MPC. 

MSX — midcourse space experiment. 

MT — mega-ton. 

NASA — National Aeronautics and Space Administration 

NEA — Near Earth Asteroid. 

NEAR Shoemaker - Near Earth Asteroid Rendezvous — 
Shoemaker. 

NEAT - Near-Earth Asteroid Tracking. 

NEC — Near Earth Comet. 

NIST — National Institute of Standards and Technology. 

NEO — Near Earth Object, any significant object within 30 
million miles of the home planet. 

NEODyS — ESA online database of known NEOs. 

NEOP — Near Earth Object Program (JPL). 

NEOSSat, Near Earth Object Surveillance Satellite (Canada) 
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NEOWISE - Near Earth Object WISE (Wide-field Infrared 

Survey Explorer). 

NESS - Near Earth Space Surveillance. 

NGO — non-government organizations 

NOAA -— (U.S.) National Oceanic and Atmospheric 

Administration. 

NORAD -— North American Air Defense command (USAF). 

NSF — (U.S.) National Science Foundation. 

NSTC — (U.S.) National Science Technology Council. 

ODPO — (NASA) Orbital Debris Program Office. 

ODQN - Orbital Debris Quarterly News, from NASA, JSC. 

OSIRIS-REx- (Origins, Spectral Interpretation, Resource 
Identification, Security-Regolith Explore (spacecraft). 

OSTP — (U.S.) Office of Science and Technology Policy. 

PA&E — Program Analysis and Evaluation. 

Palermo scale — rates potential of NEO impact. 

Pan-STARRS Panoramic Survey Telescope & Rapid Response 

System. 

PDCO — (NASA) Planetary Defense Coordination Office. 

Perihelion — point in orbit closest to the Sun. 

Petabyte — 10'° bytes. 

perigee — point in orbit closest to the Earth. 

PHA — potentially hazardous object. 

PHO — potentially hazardous object. 

PI — Principal Investigator. 

PRA — Probabilistic Risk Assessment. 

Roche limit — the distance in which an orbiting body will be torn 
apart by tidal forces of the primary. 

ROS — Russian Orbital Segment of the ISS. 

SAO — Smithsonian Astrophysics Observatory. 

Semi-major axis — length of the shorter diameter of an ellipse. 

SEP — solar electric propulsion 

SI — System Internationale (metric). 

SMPAG - Space Mission Planning Advisory Group. 

SNAP - Systems for Nuclear, Auxiliary Power. 

Socrates — Satellite Orbit Conjunction Reports Assessing 

Threatening Encounters in Space. 
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SST — space surveillance telescope (DARPA). 

Super bolide - bolide that reaches magnitude -17 or brighter. 

TECA — Table of Asteroids (Next) Closest Approaches to the 
Earth. 

TNT — Trinitrotoluene, explosive material. 

Torino Scale — rates the impact hazard associated with NEO's. 

USAF — United States Air Force. 

USGS - United States Geological Survey. 

VA — virtual asteroid. 

WGNEO - Working Group on Near-Earth Objects 

WMOPS - WISE Moving Object Processing Software 

Zombie-Sat — out-of-control non-responsive satellite posing a 
danger to other spacecraft. 

ZTF - Zwicky Transient Facility. 
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